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@ Method for determining apairof corresponding points between images.

@ A transport network is constructed of transport paths
which transport quantities of light possessed by respective

pixels (102, 104) from one of two images (101, 103) to the
other, and a pair of corresponding points between the two
Images is found on the basis of the magnitude of light

transport between the pixels minimizing the cost of transpor-

tation or a distribution of such magnitudes.
A transport network model is constructed so that flows

at inflow points corresponding to various points on one
image and at outflow points corresponding to various points

on the other image may become magnitudes of a feature

quamity of the respectively corresponding points on the
images, and a pair of corresponding points composed ofthe
inflow point and the outflow point is determined on the basis

of a distribution of the flows within the network model.
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Title of the Invention

Method for determining a pair of corresponding points

between images

Background of the Invention

Field of the Invention _

5 The present invention relates, in an apparatus

for recognizing environment by the use of visual information,

to a method for determining a pair of corresponding

points between images which is well suited for recognizing

a three-dimensional space on the basis of stereopsis

1o successive images*

Also the present invention relates, in an apparatus

for measuring a position, a position measuring apparatus

which is well suited for measuring the position or distance

of an object by the use of a pair of image information

15 derived at different positions or times from the identical

object. The apparatus of this type is indispensable

to various installations which control equipment with

image information (for example, a robot having the sense

of vision, an automatic controller for a vehicle adapted

2o to respond to an exterior scene, and a process controller

interlocked with industrial television).

Description of the Prior Art

As a prior-art method for recognizing environment

on the basis of stereopsis, there has been one wherein
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edges are detected from images obtained with both the

eyes (herelnbelow, termed "a pair of stereo images"),

and the corresponding edges are decided in consideration

of the polarities of the edges, to recognize a solid

5 body (Takeshi Hirose, "Technique for Recognizing Solid

Obstacle on the basis of Stereopsis", in the 'Transactions

of the Society of Instrument end Control Engineering',

Vol- 19, No. 8, pp. 50 - 56), This technique has had

such disadvantages that the adjustment of a slice level

1o for edge extraction is difficult and that misrecognition

is sometimes involved in an image vhere edges are periodically

distributed.

In addition, as prior-art methods for recognizing

environment on the basis of successive images, there

"55 have been, e. g., a method based on optical flow (B.

P, Horn and B. G, Schunk: Determining Optical Flow,

Artificial Intelligence 17 (1981) 185 - 203) and a matching

method (L. Dreschler and H. H. Nagel: On the Frame-to-

Frame Correspondence between Grayvalue Characteristics

* 2o in the Images of Moving Objects, German Workshop on

Artificial Intelligence, 81, 18/21, 1981, Springer-Verlag) .
•

The former has had numerous restrictions such as the

fact that it can be used for only an object whose surface

brightness changes smoothly, and the range of application

25 thereof has been limited.
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The latter has involved such a disadvantage that

the selection of feature points in a number sufficient

for expressing an object is difficult.

Further, in the position measuring apparatus of

5 the type specified before, which point of the other

image a certain point of one image corresponds to needs

to be determined by automatic processing- One of prior-

art methods therefor is described in "Science", Vol. 19A,

15 October 1976, pp- 283 - 287 (D. Marr and T. Poggio,

1o "Cooperative Computation of Stereo Disparity"),

This method is capable of parallel computation,

and is therefore suitable for high speed processing.

Since, however, it finds the corresponding relation

between pixels as to the images each consisting of pixels

15 quantized to two levels, the correspondence is rough.

In other words, a certain pixel of one image cannot

be caused to correspond to the intermediate position

of the pixels of the other image. As a result, the

accuracy of a calculated position is unsatisfactory.

2o Summary of the Invention

A first object of the present invention is to provide

a method for recognizing environment which can readily

detect corresponding points in a pair of stereo images

or successive images and which causes misrecognition

25 little.
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A second object of the present invention is to

provide a method which precisely detects the corresponding

points between a pair of images thereby to improve the

accuracy of positional measurement.

To the accomplishment of the first object, the

present invention has its first characterizing feature

in constructing a transport network which is composed

of transport patlrs for transporting the quantities of

light of respective pixels from one of two images to

the other, and finding the corresponding images from

that transport volume between pixels or that distribution

of transport volumes at which the cost of transportation

is minimized*

For example, in case of detecting edges from a

pair of stereo images to decide the corresponding edges,

misrecognition sometimes occurred. The reason is that

only the polarities of the edges are considered without

taking the intensities thereof (the varying rates of

brightness) into account.

As the characteristic of a pair of stereo images,

the difference of the images observed from both the

eyes is slight, and the image of a certain object is

observed as almost equal brightnesses in the images

of both the eyes. Accordingly, the corresponding points

are determined by finding regions of the same brightness
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from the images of both the eyes or by finding points

of equal changes in brightness, whereby the misrecognition

can be lessened.

In a first embodiment, corresponding pixels are

found on the basis of the transport volume between pixels

at which the cost of transportation is minimized in

a transport network for transporting the quantities

of light of respective pixels between two images obtained

with both the eyes.

Besides, as regards successive images, in case

of detecting corresponding points between the two successive

images, if the sampling interval of the images is sufficiently

short, the rate of change in the position or brightness

of an object is slight between the images. Accordingly,

a region having a certain brightness or a position changing

in brightness within one image exists near the same

position within the other image. When this property

is utilized, the detection of the corresponding points

between the two images can be converted into finding

the optimum route in the case of constructing a transport

network which is furnished with transport paths from

the respective pixels of one image to nixels near the

same positions of the other image, and then conveying the

brightnesses or the rates of change in brightness from

one image to the other image through the network.



- 6 -
01 58984

In a second embodiment, the corresponding pixels

are found on the basis of the distribution of the transport

volumes between pixels at .which the cost of transportation

is minimized in the aforementioned transport network.

To the accomplishment of the second object, the

present invention has its second characterizing feature

in using a transport network model which has inflow

points corresponding to the respective points Of one image

and outflow points corresponding to the respective

points of the other image and in which the flows of

the respective inflow points and outflow points are

set in conformity with the magnitudes of a feature quantity

(such as the brightness or the rate of change in brightness)

of the corresponding points on the images, and determining

a pair of corresponding points consisting of the inflow

point and the outflow point from the distribution of

flows within the network.

The transport network model is realized as an electric

circuit by way of example, and it is possible to cause

the flows to correspond to current values and the transport

paths between the various points to correspond to resistances.

It is assumed that fixed current sources of values equivalent

to the magnitudes of the feature -quantity of the corresponding

points on the images exist at the respective inflow

points and outflow points, and steady .solutions are
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obtained by adjusting the values of the resistances*

On this occasion, the value of a current flowing from

the inflow point to the outflow point denotes the degree

of correspondence between those points on the images

5 which correspond to the inflow and outflow points.

Since the deviation of corresponding points between

two images to be processed is usually slight, the extent

of outflow points to be connected to each inflow point

(namely, the number of transport paths) is not very

1o large. Accordingly, automatic processing which employs

the transport network model as stated above becomes

2o of the respective small regions of left eye's image;

15

small regions within images;

Fig, 3(a) is a diagram showing the mean brightnesses

of the respective small regions of right eye's image,

while Fig. 3(b) is a diagram showing the mean brightnesses

Fig. A is a diagram showing the arrangement of

a network;

25

Fig. 5 is a diagram showing the calculated results

of corresponding points;

Fig. 6(a) is a diagram showing the mean
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brightnesses of the respective small regions of right

eye's image, while Fig. 6(b) is a diagram showing the mean

brightnesses of the respective small regions of left eye's
image

;

Fig. 7 is a diagram showing the calculated results

of corresponding points;

Figs* 8(a) and 8(b) are diagrams showing the mean

brightnesses of eyery 4x4 pixels derived from successive

images

;

Figs. 9(a) and 9(b) are diagrams showing results

obtained by subjecting the mean brightnesses of Figs, 8(a)

and 8(b) to second-order differentiation respectively;

Fig. 10 is a diagram for explaining transport paths

which are set for the successive images;

Figs. 11(a) and 11(b) are diagrams showing results

obtained by detecting corresponding points;

Fig- 12 is a block diagram of the whole system

of a corresponding point-determining apparatus according

to the present invention;

Fig. 13 is a block diagram of the whole system

of a three-dimensional distance measuring apparatus

according to the present invention;

Fig. 14 is a model diagram of corresponding points

in the case of stereopsis;

Fig. 15 is a sketch of images for explaining pre-

processing in the case of stereopsis;
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Fig. 16(a) is a connection diagram of a transport

network model for determining corresponding points on

corresponding scanning lines, while Fig. 16(b) is a

graph of weighting coefficients which are used for updating

resistance values;

Fig. 17 is a model diagram showing the relationships

between the positions of corresponding points on images

and the positions of measured points;

Figs. 18(a) and 18(b) to Figs. 20(a) and 20(b) are

graphs each showing an example of processed results

according to the present invention; and

Fig. 21 is a connection diagram of a transport

network model in the case of determining corresponding

points in a range of two dimensions.

Detailed Description of the Preferre d Embodiments

Mow, the first embodiment of the present invention

for accomplishing the first object will be described

with reference to Figs. 1-7. Fig. 1 is a viev showing

the arrangement of cameras for constructing stereopsis.

While the present embodiment will be explained as to

an example in which the cameras are arranged in the

horizontal direction, they may well be arranged in the

vertical direction or in oblique directions.

In the present embodiment to be stated below, there

will be referred to a method wherein one point to be



- 10 -

01 58984

1o

noted is set within the image of one eye and wherein

a corresponding point is detected from the image of

the other eye.

First, as shown in Fig. 2, saall regions of certain

size are set around the point of note and in ^ direction

coupling the centers of the right and left images, and

the mean brightness of each small region is obtained.

Now, letting n. denote the number of the small/ regions

,

and denote the mean brightness of the i-th small

region, s flow as indicated by Eq. (1) is evaluated:

i+2

...(1)

Results obtained by such procedure for certain images

of the right eye and the left eye are shown in Figs. 3(a)

and 3(b). Here, an arrow indicates the small region

15 which includes the point of note.

A network, in which the magnitudes of the right

eye evaluated from Eq. (1) are denoted by (i « 3, 4,

n — 2) and the magnitudes of the left eye by

(i = 3, 4, .... n - 2) and in which they are outflow

2o and inflow magnitudes, is organized as shown in Fig. 4.

The cost of Udiisportation per proper unit flow is

set for each branch of the network, and the flow which
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lo

15

permits transport at the minimum expense is found. Letting

j» and X-.^^ denote flows from the i-th nodal point

of right eye's image to the (i - 1)-, i- and (i + l)-th

nodal points of left eye*s image, respectively, the

position of the left eye corresponding to the i-th nodal

point of right eye's image is found as:

Results with the corresponding points obtained from

the transport volumes of the minimum expenses for the

example of Figs. 3(a) and 3(b) are shov/n in Fig. 5.

The left eye image is moved so that the corresponding

points of the nodal points including the point of note

may be superposed, and small regions vhich are still

smaller than the aforementioned small regions are set,

whereupon the corresponding points are found. The brightnesses

of the respective smaller regions are shown in Figs. 6(a)

and 6(b), while the calculated results of the corresponding

points are shown in Fig. 7.

This procedure is repeated whilst reducing the

size of the smaller region gradually, whereby the corresponding

point of left eye's image to the noted point of right

eye's image can be found.

Although, in the embodiment, the magnitudes of

outflow or inflow to each nodal point has been evaluated

with Eq. (1), the mean brightness of the i-th small
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region can also be directly used as the outflow or inflow

raagnitude. Besides, the rate of change in brightness

as given by:

A, « 1,-1^.1 ...(3)

can be used as the outflow or inflow magnitude.

Although, in the embodiment, the arrangement of

the branches of the network and the cost per unit flow

through each branch have been fixed, it is also possible

to lessen misrecognition in such a way that calculations

are repeatedly performed whilst altering the arrangement

'of the branches or/and the cost per unit flow. That

is, calculations are repeated while the number of branches

is being increased in a direction toward the corresponding

point of the left eye from each nodal point of the right

eye found from the result of one time of calculation

or while the cost per unit flow in the direction is

being decreased, whereby misrecognition can be lessened.

Next, the second embodiment of the present invention

will be described with reference to Figs. 8(a) - 11(b).

Figs. 8(a) and 8(b) show some of mean brightnesses evaluated

every 4 x A small regions for successively obtained

images. Figs. 9(a) and 9(b) show results obtained by

subjecting the respective brightness values of Figs. 8(a)

and 8(b) to the second-order differentiation indicated

in Eq. (4):
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A'Cl, j) - A>K A(i, J) - A(i + 1. j) - A(i - 1. j)

- A(i, j + 1) - A(i, j - 1)) . . .(A)

A(i, J): mean brightness of 4 x 4 regions,

A*(i. j)* second-order differential value of A(i, j).

5 In order to detect the corresponding points between

Figs. 9(a) and 9(b), transport paths as shown in Fig. 10

are constructed. That is, transport paths are set from

the (i, J)-th pixel 102 of the image 101 obtained at

a time t. to the (i', j')-th (
i

' « i - 1 , i . i + 1 and

1o j' « j — 1, j, j + 1) pixels of the image 103 obtained

at a time (t + 1). Letting A'(i, j) denote the second-

order differential value of the (i, j)-th pixel 102 of

the image 101 at the time t., and B'(i, j) denote the

second-order differential value of th« (i'. j*)-th pixel

15 104 of the Image 103 at the time (t + 1), the magnitudes

of inflow from the respective pixels to the transport

paths are set as follows:

(i» J)-tl» pixel at time t: A'(i, j),

(i», j')-th pixel at time (t + 1): —B»(i, j).

2o More specifically, in the pixel (i, j) at the time

t,, A'(i, j) > 0 indicates the magnitude of inflow, and

A'(i, j) < 0 the magnitude of outflow. Conversely,

in the pixel (i', j') at a time (t - 1), B«(i\ j') > 0

indicates the magnitude of outflow, and B'(i', j') < 0

25 the magnitude of inflow.
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Under the above conditions, the following minirauin

cost flow problem is considered:

Hinder conditions:

JZ X(i, j)(i'. j')

f A'(i. j) - D(l. j) <(i, j)€E^),

Ia* (i. 3) ((i.

(5)

2Lj X(i.

(1. j)6N^

|B'(i. j) - D(i, J) ((i. 3)eE^_j).

'-B'(i. j) (Ci. ^)#Vl^»
...(6)

Biinimize

z = n 2^ j.) jx(i,

(ir j)6N. (i', DM eN -t 1 ...(7)

lo Here. X(i. j)(i'. j') denotes the flow from the

pi^el (i. j) to the pixel (i'.-^) <provided that a minus

flow can exist). and N^_j denote the sets of the

pixels at the tine t and the time (t - 1) respectively,

and E^_j the sets of pixels located at end parts of

15 the images among the pixels at the time t and the time

(t - 1) respectively, and C(i. j)(i'. j*) a cost factor

for X(i, j)(i*. J*)- I» addition. D(i, j) and D(i'. j')
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denote dummy flows for the pixels located at the end

parts of the Images, The reason why such dummy flows

are introduced, is that the differences between the

images at the times t_ and (t — 1) attributed to the

movement of the object need to be canceled.

C(i, j') is set as follows:

C(i, j)(i', j') »/(i7l*)^ + (J, ...(8)

That is, the flows between the pixels located at

the same positions in the images of the times t, and

1o (t — 1) are set to be small.

From the solution of the minimum cost flow problem,

the corresponding point (Pj^'» ^j*^ within the image

of the time (t — 1) to the pixel (i, j) is given by:

> ' i + 2ZL lx(i, j)(i', X (i- - i)/TP.

15 Pj' = j + 211 1^^^' x(j' - j)/T

-..(9)

Here, T is expressed as:

T « 2i |x(i, j)(i'.

Fig. 11(a) shows parts corresponding to Fig. 10
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as extracted from results obtained in this way. The

directions of arrows indicate the directions in which

the images of the respective pixels have moved, and

the lengths thereof indicate the magnitudes of the movements.

5 Regarding the moveoent magnitude, a length indicated

in Fig. 11(b) corresponds to a movement for two pixels.

It is also possible to enhance the detection accuracy

of corresponding points by repeating the procedure in

which the corresponding points thus found are replaced

1o with (i*. j'). the cost factors for the respective transport

paths are altered in accordance with Eq. (8) and the

minimum cost flow problem of Eqs. (5) - (7) is solved.

Although, in the present embodiment, the second-

order differential value of the brightness in each pixel

15 has been used as the quantity flowing through the transport

path, it is also allowed to utilize the brightness of

each pixel, a value obtained through a Laplacian filter,

a deviation from a brightness obtained as a floating

average, or the like.

2o Besides, to the end of enhancing the detection

accuracy of corresponding points, it is also possible

to divide each image into small regions, to subject

the mean brightnesses thereof to the processing stated

before, and to reduce the size of the small regions

25 gradually. The procedure of gradually reducing the
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size of the small regions may well be differentiation

or gradual reduction in the size of the Laplacian filter

in the case of using the filter.

Fig* 12 is a block diagram of the whole system

of an apparatus for determining a pair of corresponding

points between images in accordance with the present

invention. Every two image data for determining the

corresponding points are stored in image memories 121.

The data of the image memories 121 are subjected to mean valu

calculations or to pre-processing with differentiation

filters, whereupon they are sent to a node current memory

122 as the magnitudes of outflow and inflow at the nodal

points of a transport network. Using the data of a

current cost memory 123, which stores the current costs

of the respective branches of the transport network,

and the data of the node current memory 122, the minimum

cost flow calculation is performed in a processor 125,

and the resulting currents of the respective branches

are stored in a current memory 124, Calculations for

determining the corresponding points are performed in

the processor 125 by the use of the data of the current -

memory 124, and the result is stored in a pair of correspond-

ing points-memory 126.

In case of precisely determining the corresponding

points, the calculations for determining the corresponding
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pol.t. are p=rfcr.ed in the processor 125 by the us.

of the d.t. of the current .e.or, 124. the result Is

used for sXterlng the d.ts of the current cost memory

123. snd the .ini.u- cost flow cslculetlon Is perfor„ed

hj the processor 125 again.

After repeating this procedure se.ersl tl«es. the

calculations for determining the correspondln? points

are performed using the data of rte current -e.or, 124.

Then, the precise determination of the corresponding

points is possible.

As set forth above, according to the present invention,

in deter.iui.g corresponding points i= a pair of stereo

images, the brightnesses of the respective parts of

the images cr/.nd the rates of change in brightness

thereof can also be considered. This achieves the effect

that .isrecognition can be lessened.

m addition, the detection of corresponding points

het-een successive l.ages csn be converted int. a problem

for fin^ilng the minimum cost flow in a network. Th.s

achieves the effect that the corresponding, points can

he readll, detected h, repeating simple calculations.

Mext. the third embodiment of the present Invention

J ^v.4<*r-i- vill be described
for accomplishing the second ohject wall

with reference to Figs. 13-21.

Fig. 13 is a block diagram of the whole system
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of a three-dimensional distance measuring apparatus

to which the present invention is applied. Information

expressive of an image picked up by a TV camera. 131

is once stored in an image memory 132. In case of stereopsis,

two images simultaneously picked up from different positions

are stored. However, in the presence of the relative

movement between a measuring instrument and an object

to be measured, two images picked up at different times

may well be stored. In this example, a processor 130

is composed of a pre-processor 133, a pair of corresponding

points-determining means 134 and a distance calculator

135. The pre-processor 133 reads out the image information

from the image memory 132, calculates the mean brightnesses

of respective small regions of proper size, the rates

of change in brightness relative to the adjacent regions,

or the like, and sends the results to the corresponding

points-determining means 134. The corresponding points-

determining means 134 evaluates the corresponding relation

between the small regions by the use of the received

data and gives the pre-processor 133 instructions on

the basis of the result. In accordance with the instructions,

the pre-processor 133 performs the alteration of the

regions, the shift of the image data, etc. and thereafter

executes the above-stated pre-processing again. When

such processing has been repeated a suitable number
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of times and the calculated result of the corresponding

relation has sufficiently converged, this calculated

result is sent to the three-dimensional distance calculator

135, in which a position is calculated. ^

Hereinbelow, the details of the processes in the

respective portions will be explained by taking the

case of stereopsis as an example. In the case of stereopsis, _

two TV cameras 131 corresponding to the right and left

eyes are disposed, and their positions are known. In this case

search for corresponding points can be localized or limited on-

epipolar lines. As shown in Pig. 14, the "epipolar

lines" are the lines of intersection 141 between a plane,

which is determined by the three points of the lens

center 1A2 of the right camera, the lens center 143

of the left cjamera and an object point P, and the images

144 and 145 of the respective camei-as (refer to 'Joho-Shori

(Information Processing)', Vol. 24, No. 12, p. 1449,

"Study on Image Understanding in U. S, A."). The image

memory 132 stores the image information as converted

so that the epipolar lines may agree with the corresponding

scanning lines of both the images. Owing to the storage

in such form, it suffices to examine the corresponding

relation between points on the corresponding scanning

lines of both the images.

Next, the process in the pre-processor 133 will
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be elucidated. Referring to Fig. 15, scanning lines

153 to be handled for the determination of corresponding

points in left eye's image 151 and right eye's image

152 agree with epipolar lines. The pre-processor 133

takes up small regions 154^ (1 = 1, 2 m) of S x S

pixels including the scanning lines 153 centrally, and

calculates the mean brightnesses of the small regions

in accordance with the following equations:

ig-1

AR(i) - 1 iZ ^^^""^ ^P^^
'

y=5- f + 1 X=(i-l)s

s

AL(i) -
\ Zl LKx. y)l /s2

y=£-|+l X=(i-l)s

i = 1, 2, .... m

Here, s denotes the number of pixels of one side of

the small region. RI(x. y) and LI(x. y) denote the magnitudes

of brightness possessed by the pixels of right eye»s

image and left eye's image at a position (x. y) respectively,

i denotes No. of the scanning line to determine the

corresponding point and to evaluate a three-dimensional

distance, and m denotes the number of the small regions.

Subsequently, using the brightnesses of the respective

small regions thus obtained, the rates of change in

.(10)
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...(11)

brightness (differential values) are calculated in accordance

with the following equations:

BR(i) « AR(i + 1) - AR(i)

BL(i) « AL(i + i) - AL(i)

5 i«=l,2,...,m — 1

The above is the content of the process ip the

pre-processor 133. Next, the corresponding points-

determining raeans 13A will be elucidated. In the corresponding

points-determining means 134, a transport network as

1o shown in Fig* 16(a) is supposed, and flows through the

individual transport paths thereof are calculaj:ed. The

network in Fig. 16(a) is constructed in such a way that

the transport paths 165 having resistance values R^^ are

laid between constant current sources 161 as inflow

15 sources which have current values corresponding to the

respective differential values BR(i) (i «= 1, 2,

m — 1) for the right eye image and constant current sources

162 as outflow sources which have current values corresponding

to the respective differential values BL(j) (j « 1. 2,

2o m — 1) for the left eye image. The connectional

destinations of the transport paths 165 to fan out from

each nodal point i, can be actually limited to a suitable

number (for example, 9 or 11) including the opposing

nodal point and neighboring ones, and only three destinations
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are exemplified in Fig. 16(a). In this regard, however,

nodal points 163 and 164 at i « 0, m and j = 0, m are

provided in order to compensate for uniqueness owned
^

by the end parts of the images. More specifically, at

the end parts of the righ-t eye and left eye images, there

are object points which exist in one image but which do

not exist in the other image. Since the corresponding

point of such object poinC does not exist in the opposite

Image, such points are caused to correspond to the aforemen-

tioned nodal points 163 and 164.

Conditional equations to be satisfied by the transport

network thus constructed are as follows:

BR(i) = ZL x^-^. (i = 1, m - 1)

(12)
BL(j) = 2^ (j = 1, m - 1)

i

i
V - V = R -x (i = 0, m; j «= 0. m)J

where V. (i = 0, m) » 0 and V. (j «= 0, m) «= 0

hold« Here, and denote the potentials of a nodal point

J66 (i « 0, m) for right eye's image and a nodal

>oint 167 -(j « 0, m) for left eye's image respectively.

End X. denotes the value of current flowing from the

noCal point i_ to the nodal point j^.

In the corresponding points-determining means 13A,

a* series of calculations to be mentioned below are executed
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for the transport network several times, and the corresponding

points are determined when a steady solution has been

substantially reached.

(I) Set the initial potentials of the respective nodal

5 points (i = 1, .... a - 1; J = 1. «»— D
initial values of the resistances R^j of the respective

transport paths.

(II) Evaluate the current values x^^ (i 0, .... m;

j «= 0, b) of the respective branches in accordance

with:

(III) Update the potentials of the respective nodal

points in accordance with:

^i' " - ^

15 1, .... m — 1
..(lA)

V » = V - tfBL(j) - £ x^J
J J i

j = 1 , . . . , m - 1

Here, t denotes a correction factor.

(IV) Select a proper threshold value o{, and update the

2o resistance values of the respective transport paths in

accordance with the following rules:

jx^
J • < t Do not update.

jx^^j ^ : Update with the following equation.
J..

.(15)
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/k«i-l,i, i+l
\//. «k"i + j- 3. k-i + j- 2 k-i + j + 3

Herct w(i — j — k — denotes weighting factors as

indicated in Fig, 16(b7* and Jl denotes a correction

factor. After the updating process* the step (II) is

returned to.

Putting

d . 21(1- J) hijl/ -^^Kjl

when the steady solutian has been obtained in the above

way, the i-th small region corresponds to the (i + d)—-th

small region. By the way, when d_ contains a decimal

part, this decimal part is interpreted as indicating

a point between one small region and the next small

region* When the processing for the small regions of

certain size (for example, s » 8) has ended, the result

is utilized to perform similar calculations for still

smaller regions (for example, s «= 4), whereby the corresponding

relation in pixel unit can be finally determined*

The above are the processing steps in the corresponding

points—determining means 13A. Herein, the step (IV)

has the following significance* In general, in the

environment in which a moving object moves, the surface

of the object is considered to smoothly change in most
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places (this is termed the "continuity assumption"),

and 8 change in distance is small between the adjacent

pixels. Besides, in determining the corresponding points,

the correspondence is successively carried out from

points of larger differential values, whereby erroneous

correspondence can be avoided. More specifically, as

indicated by the rules of the step (IV), if there is

the transport path of-greater flow, the flow between

the nodal points i and ^ ^^^^ °^ ^^^^ transport

path is increased, while between the nodal points neighboring

those i and j. ( j ± 1 J ± 2. j ± 3) , the resistance

values are updated by the weighting w which decreases

the flow as the point i becomes remoter. Further, as

regards the transport paths extended from the nodal

points neighboring that i, the resistance values are

updated by the same weighting as stated before (that is.

the weighting which maximizes the resistance values

at J ± 1). Thus, the continuity assumption is satisfied.

Referring now to Fig. 17. the distance calculator

135 will be elucidated. As illustrated in Fig. 17, Vj^

and denote the central coordinates of the optical

systems of the respective left and right cameras, Fl

('^L' ^L^ ^""R'
denote the positions of images

which one point P(x, y. z) on the surface of an object

ahead forms, on the imaging screens of the left and right
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cameras, and J[ denotes the focal length of a lens. At

this time, the position of the point P is given by the

following as is well known:

I

" ^R
-

y = f ^ - ..-(16)
^R

^R

In the distance calculator 135, the three-dimensional

distances of the respective points on the object corresponding

to the points on the images -are calculated using Eqs. (16)

and the values (xg, y^) and (xj^, y^) of the respective

points which are the calculated results of the corresponding

points—determining means 134.

Examples of the processed results according to

the present embodiment are illustrated in Figs. 18(a)

and 18(i) - Figs. 20(a) and 20(b). Figs. 18(a) and

18(b) show right eye's image and left eye's image on

a certain pair of corresponding scanning lines as stored

in the image memory 132, respectively, and the axis

of abscissas represents pixel No., while the axis of

ordinates the brightness. As to the image data, the

mean brightnesses of every small regions of 8 x 8 pixels



- 28 -
01 58984

and the differential values thereof are calculated in

the pre-procesBor 133, and the calculations for determining

the corresponding points are executed in the corresponding

points-deterBin±ng neans 134. Subsequently, the Initial

5 values of the resistances are determined using these

results, and the series of calculations employing the

mean brightnesses of every snail regions of 4 x 4 pixels

are executed. Thenceforth, the precision is gradually

enhanced in similar fashion. Figs. 19(a) and 19(b)

*»o show differential values for brightnesses obtained every

pixel (the data of Figs. 18(8) and 18(b) stored in the

inage memory 132), with the former corresponding to

the right eye image and the latter to the left eye image.

Results finally ohtained in the corresponding points-

"•S determining means 134 are shown in 'Pig. 20(a). The

axis of abscissas represents pixel No., while the axis

of ordinates represents the number of pixels by which

left eye's image deviates rightwards relative to right

eye's image. Here, regarding only points whose differential

2o values have absolute values of at least 20.0, the calculated

results are indicated as they are, whereas the other

points are interpolated between the aforementioned points.

Fig. 20(b) shows the y-directional distances (depths)

of results calculated on the basis of Fig. 20(a) by

25 the three-dimensional distance calculator 135.
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Thus far, the embodiments for a pair of stereo

images have been stated. The present invention is not

restricted to the case where corresponding points may

be found on only the corresponding scanning lines as

in the pair of stereo images, but it is also applicable

to a case where corresponding points need to be found

within a two-dimensional extent as in images obtained

in such a way that an object relatively displaced in any

desired Ifirection is imaged at different times.

Fig, 21 shows a modification of the network for

determining uniditnensional corresponding points as depicted

in Fig. 16(3), the modification being capable of determining

corresponding points in two dimensions. Constituents

corresponding to those of Fig. 16(a) are indicated by

the same symbols. The network of Fig. 21 is repeatedly

subjected to processes similar to those in the case

of stereopsiSt whereby the corresponding points can

be determined between the images, A method for evaluating

a distance to an object point on the basis of the corresponding

points between the images may well be a method described

in Japanese Patent Application No. 58-194251.

According to the present invention, in determining

a pair of corresponding points, the density information items

of images can be handled as they are (without quantizing

them into binary values), and not only the correspondence
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between pixels, but also the correspondence of a pixel

in one image to the position between pixels in the other

image is possible. Accordingly, precise correspondence

becones possible, and in turn, the neasuring accuracy

of a positi&n or a distance is enhanced.

PS/bi
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Claims

:

1 . A method for determina

corresponding points in images characterized by constructing

a transport network which is com-posed of transport paths

for transporting quantities of light of 'respective pixels

5 from one image to the other image, and finding corresponding

pixels on the basis of a transport state between pixels

which permit the transport at a minimum cost.

2. A method for determining corresponding points

in images according to Claim 1, wherein said transport

1o network is constructed with its transport magnitudes

being magnitudes which .are obtained by subjecting the

two images to differential calculations, and the corresponding

pixels are found on the basis of the transport state

between the pixels which permit the transport at the

1 5 minimum cost

•

3. A method for determining corresponding points

in images according to Claim 1, wherein said transport

network is constructed with its transport magnitudes

being deviations from floating average values of the

2o two images, and the corresponding pixels are found on

the basis of the transport state between the pixels

which permit the transport at the minimum cost.

A. A method for determining corresponding points
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in images according to Claim 1, wherein each of the

two images is divided into a plurality of partial images,

mean quantities of light of the respective divided partial

images are subjected to processing in which the corresponding

pixels are found on the basis of the transport state

between the pixels permitting the transport at the minimum

costv and a size of said each partial image is gradually

reduced, thereby to find the corresponding pixels*

5. A method for determining corresponding points

in images according to Claim 1, wherein said transport

state is a value of the transport magnitude in a case

where the two images are a pair of stereo images obtained

by two imaging means arranged at a short distance*

6. A method for determining corresponding points

in images according to Claim 1, wherein said transport

state is a distribution of values of the transport magnitudes

in a case where the two images are successive images

changing in succession.

?• A method for determining corresponding points

in images according to Claim 2, wherein a size of a

filter for use in the differential calculation is reduced

stepwise, and processing in which the corresponding

pixels are found on the basis of the transport state

between the pixels permitting the transport at the minimum

cost is repeated, thereby to detect the corresponding points.
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8. A method for determinina

corresponding points in images characterized by constructing

a transport network model so that flows at inflow points

corresponding^to various points of one image and at

5 outflow points corresponding to various points of the

other image may become magnitudes of- a feature quantity

of corresponding points on the images, and determining

the pair of corresponding points composed of the inflow

point and the outflow point on the basis of a flow distribution

1o within the coflstructed network.

9. A method for determining corresponding points

in images according to Claim 8. wherein said transport

network model is an electric circuit in which the flows

correspond to current values, and transport paths between

15
. the respective points correspond to resistances.

10. A method for determining corresponding points

in images according to Claim 8. wherein the feature

quantity of each point of the image is a rate of change

in brightness relative to the adjoining points.
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